The magic oxide clusters M 9 O 6 (M ϭFe, Co, Ni) are found by using reactive laser vaporized cluster source. From the first-principles calculations, the possible equilibrium geometries for these three oxide clusters are determined to be a C 2v symmetry, where the skeleton composed of 9 metal atoms also has C 2v symmetry, different from the equilibrium structures of pure transition metal cluster M 9 . The O atoms are energetically more favorable to cap the triangle surfaces. In Fe 9 O 6 and Co 9 O 6 clusters, oxygen atoms are antiferromagnetically polarized while ferromagnetically polarized in the Ni 9 O 6 cluster, similar to the case of O atoms adsorbed on the reconstructed Ni͑110͒ surface. The magnetic behaviors are explained from electronic structures.
I. INTRODUCTION
The discovery of magic numbers in CsI ͑Ref. 1͒ and Xe clusters ͑Ref. 2͒ started a new era in cluster science. Since then, many scientists over the world have been studying about clusters and already made great progress. 3 In recent years, together with the development of new experimental techniques and a more exact ab initio calculation method, oxide clusters have become a new field of research due to the following reasons: first, from the practical point of view, oxygen contamination can occur during the preparation of clusters; second, oxide clusters can be used as models for oxide surfaces; third, oxidation can be used as a new way to modulate the structure and property of clusters. As a matter of fact, many studies have been devoted to the oxidation of simple metal clusters: Li n , [4] [5] [6] Na n , 7, 8 Cs n , [9] [10] [11] Ca n , [12] [13] [14] Mg n , 12, 13, 15, 16 Ba n , 14, 17 Al n , [18] [19] [20] and Sb n clusters. 21 For the transition-metal oxide clusters, however, only two systems have mainly been studied: Fe n O m ͑Refs. 22-26͒ and Mn n O m ͑Refs. 27-32͒ clusters. Small iron oxide clusters are extensively studied by Wang and co-workers, [22] [23] [24] the photoelectron spectra for Fe m O n Ϫ ͑mϭ1 -4, nϭ1 -6͒ indicated that there exist sequential oxygen atom chemisorptions on surfaces of small iron clusters that provide novel model systems to understand the electronic structure of bulk iron oxides. 22 The equilibrium geometry and electronic structures of the magic Fe 13 O 8 cluster were studied in our previous work. [25] [26] [27] As for the Mn-O system, the ab initio calculations have been performed for small stoichiometric (MnO) n clusters (nр9). 28 Due to the observation of resonant quantum tunneling of spin in single-crystal Mn 12 O 12 acetate, the Mn 12 O 12 cluster also attracts great attention. [29] [30] [31] [32] [33] However, compared with Fe and Mn oxide clusters, the research on Co and Ni oxide clusters is far from complete. Freas and colleagues 34 prepared Co oxide clusters with sputtering and found that the stoichiometric clusters are abundant, and the possible structures were studied with classical pair-potential model in their study. For Ni, only the nickel monoxide molecule [35] [36] [37] ͑NiO͒ and the nickel dioxide molecule 35 (NiO 2 ) have been studied. Recently, we produced Fe, Co, and Ni oxide clusters by using a reactive laser vaporized cluster source, where a pulsed second harmonic of a Nd:YAG laser ͑YAG͒ denotes yttrium aluminum garnet was used for vaporization of an Fe ͑Co, Ni͒ rod. Metal vapor was cooled by He gas injected from a pulsed gas valve synchronizing with a vaporization laser, and oxygen gas was continuously introduced through a small orifice into a cluster formation cell with 10 3 mm 3 in volume, with oxygen gas flow rates of 2.3, 0.5, and 2.4 standard cubic centimeters per minute ͑SCCM͒ for Fe, Co, and Ni, respectively. The details of the experiment can be found in previous papers. 26, 38, 39 Figure 1 shows the mass spectra of the clusters. In Ni case, the peaks labeled as a, b, c, d, e, f, g, and h correspond to Ni 6 
II. COMPUTATIONAL METHOD
A widely used theoretical method for determining the structure is the ab initio calculation, 41, 42 with which significant progress has been made for simple clusters involving alkali and coinage metals and semiconductors. 43, 44 However, for the transition-metal cluster, the open d shells give rise to strong electron correlation effects and due to the directional bonding features of d orbitals, complicated interactions exist. Furthermore, the number of electrons in the transition-metal cluster increases rapidly with cluster size, all these factors post difficulties in theoretical calculations. In this aspect, the plane-wave basis and ultrasoft pseudopotential method combined with density-functional theory has provided a simple framework, 41, 42, 45, 46 in which the calculation of forces is greatly simplified so that extensive geometry optimization is possible.
In this paper, we used a powerful ab initio ultrasoft pseudopotential scheme with a plane-wave basis ͓Vienna ab initio simulation program ͑VASP͔͒. 47, 48 The details can be found in our previous paper. 25 In the optimization, the cluster is placed in a cubic cell with edge length of 12.5 Å, which is sufficiently large to make dispersion effects negligible. In such a big supercell only the ⌫ point can be used to represent the Brillouin zone. 400 eV has been used as the cutoff energy in the plane-wave expansion of the pseudo-wavefunctions, which is large enough to obtain a good convergence. The structure optimization is symmetry unrestricted, and the optimization is terminated when all the forces acting on the atoms are less than 0.03 eV/Å. In order to obtain more detailed information on the electronic and magnetic properties, molecular orbital calculations 49, 50 are performed with the optimized structure. The 3d, 4s, and 4p orbitals for Fe, Co, and Ni atoms and 2s and 2p orbitals for the O atom are used as the basis sets.
III. RESULTS AND DISCUSSIONS
It has been found that the structure of the Fe 9 cluster is body-centered cubic ͑bcc͒ with one atom in the center and the other 8 atoms on the surface. 51, 52 For the Ni 9 cluster, the corrected effective medium ͑CEM͒ theory 53 predicted a tricapped trigonal prism ͑TTP͒ structure, while the calculation with the Gupta potential and Finnis-Sinclair potential produced a tricapped octahedron ͑TO͒ structure 54 and bicapped pentagonal bipyramid ͑BPB͒ structure, 55 respectively. For the Co 9 cluster, a recent experiment 56 suggests possible TTP and TO structures. Besides the structure isomers mentioned above, for the 9-atom cluster, another isomer is the square antiprism ͑SA͒ with one atom capped on one square. Figure  2 shows the five structure isomers, from which we search for the possible stable structure for oxide clusters.
In the bcc structure, there are six fourfold adsorption sites that are the possible adsorption positions for six oxygen atoms. For the other structure isomers, according to the previous studies, 22, 25 the oxygen atoms are preferably adsorbed nonadjacently on triangle surfaces. TTP, BPB, and TO structures have 14 triangle faces, while the SA structure has 12 triangle faces and one square face. In the initial configurations, the six oxygen atoms are capped nonadjacently on triangle surfaces as symmetrically as possible.
The total binding energies and the final symmetries for the five isomers of oxide clusters are listed in Table I and the corresponding initial structures for the pure metal clusters are shown in Fig. 2 . For isomer 1, the initial structure of a pure metal cluster is bcc with O h symmetry, the final structure of oxide cluster still has O h symmetry. For isomers 2 and 3, the initial structures of pure metal clusters are TTP and SA with D 3h and C 4v symmetry, respectively, the final structures of oxide clusters converge to the same symmetry (C 2v ) with the same energy. In fact, for the pure transition-metal cluster, it has been found that SA structure is quite easily changed into the TTP structure. 57 This is the reason why these two oxide cluster isomers can converge to the same structure. For isomers 4 and 5, their initial structures for pure metal clusters are TO and BPB with C 3v and C s symmetry, respectively, and the final structures of oxide clusters have C s symmetry with different energy. We can see that the C 2v structure produced from isomers 2 and 3 is the most stable among the isomers considered.
In the C 2v structure, there are four nonequivalent transition-metal atoms and two nonequivalent oxygen atoms, labeled as M 1, M 2, M 3, M 4, O1, and O2, respectively, as shown in Fig. 3 , and the skeleton composed of nine metal atoms also has C 2v symmetry, which is different from the structures of the pure transition-metal cluster M 9 ͑see Fig.  2͒ , indicating that the structure transition in cluster can be caused by oxidation. For Fe 9 O 6 , Co 9 O 6 , and Ni 9 O 6 clusters, the common geometric feature is that the O atoms are energetically more favorable to cap the triangle surfaces. The pair distribution functions for the C 2v structure are given in Fig.  4 , and the bond lengths and bond angles are listed in Table  II , where ␣ 1 , ␣ 2 , ␣ 3 , and ␣ 4 are the bonding angles of ЄO1-M 1-O1, ЄO1-M 2-O1, ЄO1-M 3-O2, and ЄO2-M 4-O2, respectively. Table III gives the data for the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ for the C 2v structure, and Table IV lists To further confirm the stability of the C 2v structure, Table  V ) ͑ϩ, spin up; Ϫ, spin down͒, corresponding to the energy required to move an infinitesimal amount of charge from the HOMO of one spin to the LUMO of the other. The positive values for both spin gaps can guarantee that the system is a stable magnetic and electronic state. 29, 58 From Table V , we can see that these three oxide clusters with the C 2v structure are stable magnetically and electronically.
As for the charge transfer and magnetic properties, we have calculated the occupation numbers and moments of atomic orbitals of the M 9 O 6 ͑M ϭFe, Co, and Ni͒ cluster with C 2v symmetry, as listed in Tables VI, VII, sorbed on the reconstructed Ni͑110͒ surface. 59 The average local spin magnetic moments for the transition-metal atoms of Fe, Co, and Ni in these three clusters are 2.307, 1.050, and 0.147 B , respectively, which are much reduced as compared to the values of 3.390, 2.310, and 0.940 B in the bulk monoxides FeO, CoO, and NiO. 60 This is mainly due to the contraction of bond length in cluster as compared to the bulk values. A shorter bond length enables stronger hybridizations, and accordingly, the magnetic moments are reduced. In contrast to the antiferromagnetic arrangement of moments in the bulk monoxides FeO, CoO, and NiO, the moments of the transition-metal atoms in the clusters are ferromagnetically coupled. Due to the smaller size in the Fe 9 O 6 cluster, the average magnetic moment of the Fe atom is enhanced, while the average binding energy per atom ͑5.489 eV͒ is reduced, as compared to the values of 2.061 B and 5.648 eV in the Fe 13 O 8 cluster, 25 which is also true for Co and Ni oxide clusters.
The magnetic properties above can be explained from the electronic structures. Figure 5 shows the total density of states ͑DOS͒ for these three clusters with C 2v symmetry, the dotted line is for Fermi level, which has been shifted to zero. orbital is slightly contracted; accordingly the hybridization between O 2p and M 3d is reduced to some extent. The stability and magnetic behaviors are resulted from the compromise of these two competing factors. Compared with Fe 9 O 6 and Co 9 O 6 , there are much more overlap and much stronger interactions between O 2p and Ni 3d orbitals in Ni 9 O 6 , which greatly reduces the magnetic moments of Ni atoms ͑the average moment is only 0.147 B ͒. Figures 6-8 give the partial DOS of O 2p and M 3d of spin up and spin down.
As compared with Fe and Co, because the energy of 3d orbitals of the Ni atom is closer to the O 2p level, and due to exchange splittings, the spin-down 3d states have moved up in energy, the spin-up Ni 3d states have much stronger hybridization with O 2p states. As a result, O atoms are ferromagnetically polarized, but in Fe 9 O 6 and Co 9 O 6 , the spindown 3d states have stronger hybridizations with O 2p states, and thus O atoms are antiferromagnetically polarized.
In summary, by using a reactive laser vaporized cluster source, the magic oxide clusters M 9 O 6 (M ϭFe, Co, Ni͒ are found. From the first-principles calculations, it has been suggested that C 2v structure is the most stable among the five isomers considered. Oxidation changes the structures of the clusters. As compared to M 13 O 8 , due to the smaller size, the M 9 O 6 cluster has an enhanced magnetic moment and reduced average binding energy.
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